Introduction
Ultraviolet (UV) is divided into UV-A (315-400 nm), UV-B (280-315 nm) and UV-C (100-280 nm) in respect to wavelength. Although solar short wavelength UV less than 293 nm (mainly UV-C) is absorbed in the ozone layer of the earth, UV-C possesses more energy and is more harmful to cells as compared to long wavelength UV. UV-C is reported to generate gene mutations in irradiated cells by inducing DNA lesions such as pyrimidine dimers. 1 UV-B is required for converting vitamin D2 into vitamin D3, which is important for bone metabolism and as a neurotransmitter. UV-B is widely used for disinfection and recently UV-C has begun to be used for accelerating wound healing and reducing wound infections after surgical operations. 2 3 and render Langerhans cells tolerogenic by abrogating their capacity to stimulate antigen-specific CD4 þ Th1 cells 4 and fully maintaining the capacity to activate Th2 cells. 5 It is well accepted that UV-B irradiation to the skin generates the perturbation of antigen presentation with antigenspecific T-cell unresponsiveness, which results in the increased development of skin cancers 6 or decreased development of contact skin hypersensitivity. 7 Denfeld et al. 8 have shown that UV-B-irradiated murine BMderived DCs suppressed proliferation of naive and primed T cells and induced antigen-specific clonal anergy in primed Th1 cells but not in naive T cells. UV-B-irradiated murine BM-derived DCs were shown to render naive T cells partially unresponsive to alloantigen.
UV-B irradiation is reported to suppress the antigen presenting function of human Langerhans cells in vitro
Although hematopoietic SCT is a useful modality for treatment of a variety of diseases including hematological malignancies and aplastic anemia, there are several limitations such as a prerequisite for HLA compatibility between donor and recipient. GVHD in allogeneic SCT, especially in HLA-incompatible combination between donor and recipient, is caused by donor lymphocyte-mediated immune attack to recipient cells, tissues and organs. If donor T-cell anergy to recipient cells could be induced in certain period after SCT, it may be possible to expand the donor candidates in HLA-mismatched SCT including haploidentical transplantation.
In this study, we tried to clarify whether it is possible to induce recipient cell-specific T-cell anergy by priming donor lymphocytes with recipient immature monocyte-derived DCs (mo-DCs) irradiated with UV-C and to explore the applicability of donor graft cells, in which lymphocytes have been induced to be in the state of T-cell anergy, for expanding the donor candidates in HLA-mismatched SCT including haploidentical transplantation. In addition, we tried to clarify whether regulatory T cells in the lymphocytes primed with UV-C-irradiated immature mo-DCs are related to the induction of T-cell anergy.
Materials and methods

Culture of immature mo-DCs
Generation of immature mo-DCs has been described previously. 9 Briefly, mononuclear cells (MNCs) were separated by Lymphoprep (density: 1.077, Axis-Shield PoC AS, Oslo, Norway) gradient centrifugation from heparinized peripheral blood (PB) of normal volunteers with informed consent. Immature mo-DCs were generated by culture of adherent cells, which were obtained by removing suspension cells after culturing MNCs for 2 h, with 100 ng/ml GM-CSF (Kirin Brewery, Maebashi, Japan) and 10 ng/ml IL-4 (Schering-Plough Research Institute, Kenilworth, NJ, USA) for 7 days. DCs were cultured using Roswell Park Memorial Institute (RPMI)-1640 (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS) in a fully humidified incubator with 5% CO 2 at 37 1C.
Culture of mature mo-DCs
Induction of mature mo-DCs was performed by culturing immature mo-DCs with GM-CSF, IL-4 and 10 ng/ml tumor necrosis factor (TNF)-a (Hayashibara Biochemical Laboratories, Okayama, Japan) for further 7 days after generation of immature mo-DCs. In some experiments, one combination of TNF-a (5 ng/ml), IL-1a (1000 U/ml), IL-6 (10 ng/ml) and prostaglandin E2 (1 mg/ml), or another combination of IFN-g (1000 U/ml) and lipopolysaccharide (LPS) (1 mg/ml) was used for induction of mature mo-DCs from immature mo-DCs instead of TNF-a as a single cytokine.
Preparation of UV-C-irradiated mo-DCs
Immature or mature mo-DCs were placed in 100 mm plastic dish containing a mound of 5 ml RPMI medium with a peripheral dry zone. Cell suspension was kept separate from the dish wall to make the strength of UV-C even by avoiding the generation of wall-reflected UV-C rays. The dish with no cover was put into a crosslinker (Stratalinker, Stratagene, La Jolla, CA, USA) and mo-DCs were irradiated with 254 nm UV-C light at 30-3000 J/m 2 (duration of UV-C-irradiation for 30-3 000 J/m 2 was automatically adjusted).
Flow cytometry analysis of UV-C-irradiated mo-DCs
Mo-DCs irradiated with or without UV-C were stained for surface phenotypes by a standard direct procedure using MoAbs as previously described.
10 PE-conjugated antiCD1a, anti-CD40, anti-CD54, anti-CD58, anti-CD80 (BD Biosciences, San Jose, CA, USA), anti-CD83 (Immunotech, Marseille, France), anti-CD86 (PharMingen, San Diego, CA, USA) and anti-HLA-DR (BD Biosciences) were used for cytometry analysis. Cell fluorescence was analyzed with a FACScan flow cytometry (BD Biosciences) and 10 000 events were collected, and the data were analyzed by CellQuest software (BD Biosciences).
Foxp3 intracytoplasmic staining
Lymphocytes prestimulated with immature mo-DCs, which had been irradiated with UV-C at 300 J/m 2 , at the cell ratio of 10:1 (lymphocytes:mo-DCs) for 7 days were stained for intracytoplasmic expression of Foxp3. Co-cultured lymphocytes were stained with surface molecules such as CD4 (BD Biosciences) and CD25 (BD Biosciences). Then the cells were treated with freshly prepared Fixation/Permeabilization working solution (eBioscience, San Diego, CA, USA) for 60 min and stained with PE-conjugated anti-human Foxp3 antibody (eBioscience) or isotype control. Cell fluorescence was analyzed with a FACScan flow cytometry.
Measurements of cytokine production in culture supernatant Immature and mature mo-DCs with or without UV-Cirradiation were cultured with 10% FBS-containing RPMI-1664 medium for 2-6 days and supernatants were harvested. Concentrations of IL-12 and IL-10 in culture supernatants were measured by using the enzyme-linked immunosorbent assay kits following the manufacturer's instructions.
Allogeneic MLC
In total 100 000 non-adherent cells from PB of allogeneic normal donor were cultured in a 96-well flat-bottom microplate (BD, Flanklin Lakes, NJ, USA) with graded numbers of immature or mature mo-DCs with or without UV-C irradiation in the first MLC. Immature and mature mo-DCs used as stimulator cells in MLC had been irradiated with 30 Gy of l37 Cs generated g-irradiation (PS-3000SB Cs-137, Pony, Osaka, Japan) immediately before MLC. Co-cultured cells were pulsed with 100 mCi per well 3 H-thymidine (TK758, Amersham, Buckinghamshire, England) on day 5 and harvested on day 6 with a cell harvester (Labo Mash, Futaba Medical, Tokyo, Japan). Cellular proliferation was measured by 3 H-thymidine incorporation with a liquid scintillation counter (Type l409, Wallac, Turku, Finland). Alternatively, PB nonadherent cells, which had been labeled with 1 mM 5,6-carboxy-fluorescein succinimidyl ester (CFSE, Molecular Probes, Eugene, OR, USA), were stimulated with immature or mature mo-DCs with or without UV-C irradiation, and proliferation of the CSFE-labeled cells was assayed by the reduction of CFSE intensity.
The second MLC Non-adherent cells separated from donor 1 PB-MNCs were co-cultured with 30 Gy-irradiated donor 2 immature mo-DCs, which had been irradiated with UV-C, at the cell ratio of 10:1 (lymphocytes:mo-DCs) for 4 days (the first MLC). Co-cultured lymphocytes after completion of the first MLC, which had been placed on Lymphoprep and centrifuged for removing cell debris and dead cells, were used as responder cells in the second MLC assay. Mature mo-DCs, which were generated from donor 2 by culturing with GM-CSF, IL-4 and TNF-a for 11 days, were used in the second MLC as stimulator cells at various cell concentrations. As the control, the second MLC was performed between donor 1 lymphocytes prestimulated with donor 2 immature mo-DCs without UV-C-irradiation and donor 2 mature mo-DCs. The second MLC consisting of donor 1 lymphocytes prestimulated with UV-C-irradiated donor 2 immature mo-DCs and donor 3 mature mo-DCs was also used for comparison.
In some experiments, CSFE-labeled non-adherent cells from donor 1 were co-cultured with 30 Gy-irradiated donor 2 immature mo-DCs with or without UV-C irradiation, at the cell ratio of 10:1 for 4 days (the first MLC), CSFE (low) cells were isolated by flow cytometry (FACSAria: BD Biosciences), and the secondary MLC was prepared with the same number of CFSE (low) cells (as responder cells) from both cultures. Mature mo-DCs from donor 2 were used in the second MLC as stimulator cells.
Statistical analysis
The statistical relevance of differences in 3 H-thymidine incorporation in MLC was evaluated with a two-way analysis of variance test, applying GraphPad Prism software (GraphPad Software Inc., San Diego, CA, USA). Differences were considered as highly significant at Po0.001, and nonsignificant at P40.05.
Results
Effects of UV-C on surface phenotypes of immature mo-DCs
Although there were no distinguishable morphological differences between immature mo-DCs irradiated with 300-1000 J/m 2 UV-C and immature mo-DCs without UV-Cirradiation, UV-C-irradiation with 3000 J/m 2 gave rise to slight damage of immature mo-DCs. Viability of immature and mature mo-DCs after UV-C irradiation was evaluated by forward scatter/side scatter plots in flow cytometry, which demonstrated that viability of cells was maintained more than 80% at 2, 4 or 6 days after 300 J/m 2 UV-C irradiation in both immature and mature mo-DCs. Flow cytometry analysis of these immature mo-DCs 1 day after UV-C-irradiation showed that by irradiation with 300 or 3000 J/m 2 UV-C, the expression of CD80 and CD83 disappeared and the expression of CD86, HLA-DR, CD40 and CD58 decreased ( Figure 1 ). UV-C-irradiation to mature mo-DCs, which were generated from immature mo-DCs by culturing with IFN-g and LPS for 24 h, showed a decrease of the expression of CD1a, CD80, CD83, CD86, HLA-DR and CD40 in a dosedependent manner in the range of 30-300 J/m 2 1 day after UV-C-irradiation ( Figure 2 ). Surface phenotypes of immature and mature mo-DCs with or without UV-C-irradiation were serially analyzed, which demonstrated that although no differences of surface phenotype expression were observed between non-irradiated mo-DCs and UV-C-irradiated moDCs immediately after UV-C-irradiation, the differences became remarkable 2 days after UV-C-irradiation and lasted up to 6 days ( Table 1 ). As to the cytokine production of immature mo-DCs, the concentration of IL-12 p70 was very low (4.0-5.4 pg/ml) and IL-10 was hardly detected in the culture supernatant of cell concentration of 1 Â 10 6 per ml for 2, 4 and 6 days of culturing irrespective of UV-C-irradiation.
Effects of UV-C on antigen presentation of immature and mature mo-DCs
The first allogeneic MLC using immature mo-DCs with 30, 100, 300, 1000, 1500 or 3000 J/m 2 UV-C-irradiation as Figure 1 Effects of ultraviolet-C (UV-C) on surface phenotypes of immature monocyte-derived DCs (mo-DCs). The immature mo-DCs were generated from peripheral blood (PB) adherent cells by culture with GM-CSF (100 ng/ml) and IL-4 (10 ng/ml) for 7 days. The generated immature mo-DCs were irradiated with 300 or 3000 J/m 2 UV-C. Flow cytometry analysis of these immature mo-DCs was performed 1 day after UV-C-irradiation. This figure shows representative data of three independent experiments.
Recipient-specific donor T-cell anergy by UV-C-irradiated DCs N Tochiki et al stimulator cells by a 3 H-thymidine incorporation assay demonstrated that the antigen presenting ability of immature mo-DCs was decreased by the irradiation with UV-C in an irradiation dose-dependent manner in the range of 30-300 J/m 2 and was completely abrogated by UV-C-irradiation more than 300 J/m 2 ( Figure 3a) . UV-Cirradiation to mature mo-DCs, which were generated from immature mo-DCs by culturing with IFN-g and LPS for 24 h, showed the same effects on the antigen presenting ability of mature mo-DCs as UV-C-irradiation to immature mo-DCs (Figure 3b) . Alternatively, CFSE-labeled lymphocytes were stimulated with immature or mature mo-DCs with or without UV-C-irradiation. Similar to the 3 H-thymidine incorporation assay, proliferation of CFSElabeled lymphocytes was suppressed by UV-C-irradiation to both immature and mature mo-DCs (Figure 4 ). Lymphocytes in the first allogeneic MLC, which were stained with anti-CD3/CD4/CD8 MoAbs, Anexin V and 7AAD, were analyzed for the percentages of cells with apoptosis and cells with necrosis. þ cells and CD8 þ cells were 78-85, 59-64 and 23-25%, respectively and there was no difference between lymphocytes stimulated with non-irradiated mo-DCs and those stimulated with UV-C-irradiated mo-DCs in either immature or mature mo-DCs.
Induction of T-cell anergy by co-culturing with immature mo-DCs irradiated with UV-C Although donor 1 lymphocytes which were prestimulated with donor 2 non-irradiated immature mo-DCs demonstrated a considerable proliferative response to donor 2 mature mo-DCs, donor 1 lymphocytes which were prestimulated with 300, 1000 or 3000 J/m 2 UV-C-irradiated donor 2 immature mo-DCs demonstrated a remarkably reduced proliferative response to donor 2 mature mo-DCs in the 3 H-thymidine incorporation assay ( Figure 5 ). In the second MLC using a 3 H-thymidine incorporation assay, donor 1 lymphocytes which were prestimulated with donor 2 UV-C-irradiated immature mo-DCs demonstrated a much stronger proliferative response to mature mo-DCs derived from donor 3, as compared with the lymphocytes, Recipient-specific donor T-cell anergy by UV-C-irradiated DCs N Tochiki et al Table 1 Serial analysis of surface phenotypes on immature and mature mo-DCs with or without UV-C irradiation which were co-cultured in the second MLC with donor 2 mature mo-DCs ( Figure 6 ).
In order to ascertain the induction of T-cell anergy, the CFSE-labeled lymphocytes from donor 1 were stimulated with UV-C-irradiated or non-irradiated DCs from donor 2 for 4 days, then the CFSE (low) cells were isolated by flow cytometry. The second MLC prepared with the CFSE (low) cells as responder cells and mature mo-DCs from donor 2 demonstrated that CSFE (low) cells isolated from lymphocytes stimulated with UV-C-irradiated mo-DCs were less responsive to mature mo-DCs as compared with those isolated from lymphocytes cultured with non-irradiated mo-DCs (Figure 7) .
No increase of regulatory T cells in lymphocytes cultured with UV-C-irradiated immature mo-DCs
Lymphocytes prestimulated with UV-C (300 J/m 2 )-irradiated immature mo-DCs at the cell ratio of 10:1 (lymphocytes:mo-DCs) for 7 days were stained for surface expression of CD4/CD25 and intracytoplasmic expression of Foxp3. Regulatory T cells were defined as CD4 þ cells with the expression of Foxp3. As Figure 8 shows, almost all the cells with CD4 þ /CD25 highly þ were exclusively included in the cell fraction comprising Foxp3-expressing cells. Percentages of regulatory T cells were not different between the lymphocytes prestimulated with non-irradiated immature mo-DCs and the lymphocytes prestimulated with UV-Cirradiated immature mo-DCs. Percentages of regulatory T cells were shown to be 1-3% of lymphocytes co-cultured with UV-C-irradiated or non-irradiated immature mo-DCs (Figure 8 ).
Discussion
It is known that UV-B irradiation generates antigenspecific inhibition of T-cell-mediated immune responses by interfering with antigen presenting cells. 11 Toews et al.
12
reported a murine experiment showing that UV-B irradiation not only suppressed hapten-induced skin hypersensitivity on an irradiated skin area but also generated later immunological tolerance specific to the same hapten antigen on the non-irradiated skin area. UV-B-associated suppression of skin hypersensitivity was thought to be caused by a specific immunological tolerance reaction due to UV-B-mediated dysfunction of Langerhans cells by Cruz et al. 13 Excessive production of IL-10 by keratinocytes in the UV-B-irradiated skin is reported to be associated with generalized immunological tolerance due to UV-B irradiation.
14, 15 Kitazawa and Streilein 16 demonstrated that UV-B-induced immunological tolerance is due to DC dysfunction such as impaired IL-12 production and the subsequent T-cell dysfunction such as decreased expression of CD40 1igand with impaired IFN-g production, both of which are associated with IL-10, by murine experiments using IL-10 and anti-IL-10 antibody. On the contrary, UV-B-associated immunological tolerance was not observed in Fas/Fas ligand-deficient mice. Fas/Fas ligand-associated damage of antigen presenting cells by antigen-specific T cells was enhanced by UV-B irradiation, which is considered to be the major mechanism of UV-B-induced immunological tolerance by Schwarz et al. 17 They implied that IL-12 could abrogate immunological tolerance by regulating the Fas/Fas ligand system. As to the effects of UV-B on murine or human DCs, it has been demonstrated Recipient-specific donor T-cell anergy by UV-C-irradiated DCs N Tochiki et al that the expression of surface molecules such as ICAM-1 (CD54), CD80, CD86 and MHC is suppressed and the antigen presenting ability is decreased. Cytoskeleton of DCs was reported to be damaged by UV-B irradiation. 18 Simon et al. reported a murine experiment that Thl cells, which were stimulated with UV-B-irradiated Langerhans cells pulsed with keyhole limpet hemocyanin (KLH), became unresponsive to non-irradiated Langerhans cells pulsed with KLH and the unresponsiveness is antigen-specific with MHC restriction and lasted for a long period of more than l6 days. However, by adding allogeneic spleen adherent cells without UV-B irradiation to the co-culture of Thl cells and UV-B-irradiated Langerhans cells pulsed with KLH, the generation of antigen-specific unresponsiveness of Thl was abrogated. Also, the Thl cells, which were induced to the state of antigen-specific unresponsiveness, normally proliferated by the addition of IL-2. 19 Recently, it has been shown that UV-B-irradiated murine BM-derived DCs inhibited proliferation of naive and primed T cells, but tolerance was induced in only primed T cells. Antigen-specific T cells, which had been stimulated with UV-B-irradiated DCs, did not proliferate upon restimulation of non-irradiated DCs. Besides, the addition of these non-proliferating T cells to co-cultures of naive T cells and freshly prepared non-irradiated DCs inhibited T-cell proliferation, which indicated that UV-B-irradiated DCs generated T cells with a regulatory function. 20 Rattis et al. 21 have recently reported that UV-B-associated impairment of the antigen-presenting function of human Langerhans cells is due to at least two distinct pathways: (1) decreased expression of CD86 co-stimulatory molecule and (2) induction of Langerhans cell apoptosis, a phenomenon partly prevented by CD40 triggering. On the other hand, the effects of UV-C on immune responses have not been extensively investigated, as compared with UV-B. Although UV-C is considered to have a similar function in immune responses as UV-B, UV-C was reported to be fourfold more effective in decreasing DC viability than UV-B when doses of equal energy were compared. 22 The generation of T-cell anergy is associated with not only immunological tolerance of autologous antigens but also immunological escape of tumor cells. Previously, we demonstrated the generation of T-cell anergy against leukemia cells by using leukemia clone-derived DCs. By the stimulation with CD80-negative leukemia blasts, the response of normal lymphocytes to leukemia clone-derived DCs cultured from the same individual as that of leukemia blasts was markedly reduced, as compared with the lymphocytes cultured with leukemia blasts from a different patient. Escape of leukemia cells from anti-leukemia immunity was suggested to be associated with T-cell anergy caused by leukemia blasts. 23 By using a similar experimental design with the first and the second MLC, we aimed to demonstrate the generation of T-cell anergy by using UV-C-irradiated human mo-DCs. The present study demonstrated that the irradiation of mo-DCs with UV-C induced the reduction of the expression of DC-associated surface phenotypes such as CD83, CD80, CD86, HLA-DR, CD40 and CD58 and the decrease of antigen presenting ability by UV-C-irradiated mo-DCs. The decreased antigen presenting ability of mo-DCs irradiated with UV-C was thought to be due to a lowered expression of DC-associated surface molecules by UV-C irradiation. Definite T-cell unresponsiveness to mature moDCs was generated by culturing lymphocytes with the same origin UV-C-irradiated immature mo-DCs, which implied that antigen-specific T-cell anergy was induced by UV-Cirradiated immature mo-DCs. In order to confirm the induction of T-cell anergy, the CFSE-labeled lymphocytes were stimulated with UV-C-treated immature mo-DCs or untreated mo-DCs, the CFSE (low) cells were isolated by flow cytometry, and the secondary MLC was prepared with the same number of CFSE (low) cells from both cultures. CSFE (low) cells isolated from lymphocytes stimulated with UV-C-treated mo-DCs were less responsive to mature mo-DCs as compared with those isolated from lymphocytes cultured with non-treated mo-DCs. These data implied that by stimulation with UV-C-irradiated immature mo-DCs, allogeneic lymphocytes became unresponsive to mature mo-DCs, even in the minor fraction of lymphocytes, which had already proliferated by the stimulation with UV-Cirradiated immature mo-DCs.
On the other hand, there was no evidence that regulatory T cells were generated in lymphocytes prestimulated with UV-C-irradiated immature mo-DCs. As to the induction of T-cell anergy by stimulation with UV-C-irradiated mo-DCs, it is not plausible that T-cell anergy was induced by the depletion of antigen-specific T cells in the first MLC, because the percentage of T cells with apoptosis/necrosis in the first MLC was not increased by stimulation with UV-Cirradiated mo-DC and T-cell subsets did not change between lymphocytes prestimulated with non-irradiated mo-DCs and those prestimulated with UV-C-irradiated mo-DCs. Regarding retaining the ability to respond to third party mature mo-DCs by lymphocytes prestimulated with UV-C-irradiated mo-DCs in the first MLC, the lymphocytes exclusively reactive to the UV-C-irradiated mo-DCs were rendered to be anergic to the same origin mature mo-DCs and the other lymphocytes were spared from being anergic to the relevant antigens. These findings suggested the possibility of suppressing GVHD after hematopoietic SCT by induction of recipient-specific donor T-cell anergy by previous co-culturing donor graft cells with UV-C-irradiated recipient mo-DCs. This possibility implied the applicability of donor T-cell anergy generated by UV-C-irradiated recipient mo-DCs as a promising tool for expanding the donor candidates for allogeneic SCT from HLA-mismatched donors including haploidentical donors.
